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Citrus tristeza virus (CTV) is composed of threadlike particles mosaic virus (TMV) and cucumber mosaic virus (CMV)
. The (TLP) 2,000 nm long and 10-12 nm wide (4, 17, 19) . Garnsey et al (9) viruses were purified according to published methods for BYV (2), transmitted CTV mechanically and associated infectivity with WMV-2 (20), TMV (13) , and CMV (18). TLP. A molecular weight (MW) of 6.3-6.9X 106 has been predicted Virus extraction and clarification. The improved procedure for the RNA of CTV (5) from particle length comparisons with two adapted for the extraction and concentration of CTV particles was shorter closteroviruses for which normal length RNA MW ratios modified from the one described by Bar-Joseph et al (3). Bark was have been established. Although previous purification procedures peeled from tristeza-infected etrog seedlings when symptoms were (3,4,12,25) provided material suitable for capsid protein pronounced, about 6 mo after graft inoculation, and stored at -20 characterization and production of antisera (6, 10, 12, 25) , they did C until used for virus isolation. not provide sufficient intact virus for the characterization of Samples of 40 g bark were ground in a mortar with a pestle in the genome RNA.
presence of liquid nitrogen and the frozen powder thawed by This paper describes an improved CTV purification procedure placing it in 0.1 M tris (tris hydroxymethyl aminomethane) HCI that yields intact virus suitable for further biochemical buffer (pH 7.8) (1 g of bark powder in 5 ml of buffer). The liquid characterization. A brief report of this research has beengiven (14) .
was filtered by expressing through four layers of wet cheesecloth and a layer of paper wipes (Kimwipes). The pulp was reextracted MATERIALS AND METHODS with the same buffer. The two filtrates. were combined and centrifuged for 10 min at 4,000 g. The supernatant fluid was Viruses. Two CTV isolates obtained from C. N. Roistacher were collected and again centrifuged for 5 min at 8,000 g to remove used for purification. Isolate 512, originally isolated from a debris. Following filtration, the supernatant fluid was collected and naturally infected Meyer lemon at the University of California's again filtered through paper wipes (Kimwipes). Twenty milliliters South Coast Field Station, causes a mild reaction on lemon (Citrus of a solution of 30% (w/v) polyethylene glycol 6,000 (PEG 6000) limon (L.) Burm. f.) and strong vein clearing and stem pitting in dissolved in 0.6 N NaCl plus an additional 2 ml of 20% (w/ v) NaCl Mexican lime (C. aurantifolia (Christm.) Swingle). Isolate 551, was added to each 100 ml of the filtrate. After the mixture was originally isolated from an introduced kumquat [Fortunella allowed to stand for 30-60 min at 4 C, the precipitate was collected margarita (Lone.) Swing.], causes a severe seedling yellows by centrifugation at 19,500 g for 15 min. The pellet was resuspended reaction in lemon seedlings and strong vein clearing and stem by gentle agitation in 25 ml of 0.04 M sodium phosphate buffer (pH pitting reactions in Mexican limes. Both isolates were increased for 8.2) (PB) for at least 1 hr and the solution was further clarified by purification in etrog citron (C. medica L.) seedlings. An additional low-speed centrifugation, 5,900 g for 10 min. This suspension was CTV isolate used only for the hybridization tests was the VT designated as a partially purified viral extract. seedling yellows strain (5). Other hosts used for virus propagation Cushion gradient centrifugation.
Step gradients were prepared were Claytoniaperfoliata Donn. and Chenopodium quinoa Willd.
by layering 1 ml each of 0, 15, 22.5, and 30% (w/v) Cs2SO 4 dissolved for beet yellows virus (BYV), Cucurbitapepo L. for watermelon in a solution ofPBand 10% (w/ v) sucrose in 14X87.7-nmcellulose mosaic virus-2 (WMV-2), and Nicotiana tabacum L. for tobacco nitrate tubes. Eight milliliters of partially purified extract was layered on top of the gradients which was then centrifuged for 2.5 hr at 38,500 rpm in a Beckman SW41 rotor at 8 C. Gradient
The publication costs of this article were defrayed in part by page charge payment. This columns were fractionated into 0.6-ml fractions using an ISCO 640 article must therefore be hereby marked "advertisement" in accordance with 18 U.S. saline (pH 7.4) containing 2% polyvinyl pyrrolidone (PBS-PVP). A 0.05 M tris-HC1 (pH 7.8) and the virus particles were pelleted by drop of each gradient fraction was placed on different carboncentrifugation at 45,000 rpm for 2 hr in a Beckman Ti 50 rotor. The backed grids for 30 sec and the grids were washed with 10 drops of viral pellets were resuspended in 100 /.Il of 50 mM tris (pH 7.5), and distilled water followed by staining for 15-30 sec with 2% uranyl 5-Ml samples were removed for the HADAS-ELISA (6) assay. acetate. Fractions containing the highest concentrations of virus RNA was extracted from the purified virus suspensions as were pooled and mixed with an equal volume of cold PB and described in Rosner et al (21). Aliquots of 3 pl containing RNA clarified by low-speed centrifugation at 8,000 g for 10 min. The prepared from each gradient fraction were dot spotted on supernatant fluid was layered on a second cesium-sucrose cushion nitrocellulose paper presoaked in 20X SSC. A complementary step gradient, prepared by layering 1.5-ml fractions of 0, 15, 22.5, DNA clone to CTV genomic RNA of the VT isolate containing and 30% (w/v) Cs 2 SO 4 dissolved in PB containing 10% (w/v) sequences about 600 base pairs long was in-vitro-labeled with 3 2 p sucrose. The gradients were centrifuged for 2.5 hr at 38,500 rpm in a by the nick-translation method (21). Hybridization of the labeled Beckman SW41 rotor at 8 C and 0.6-ml gradient fractions were DNA probe with the RNA samples immobilized on the separated as in the first gradient.
nitrocellulose paper was carried out at 42 C in a buffer containing RNA extraction and electrophoresis. Virus-rich fractions ("-200 50% formamide, 4X SSC, IX Denhardt solution, and 50 mM ng) of CTV and BYV from the second sucrose-cesium sulphate step Na-phosphate buffer (pH 6.5), essentially as described by Thomas gradient were diluted with approximately four volumes of PB, and (24). PEG 6000 was added to a final concentration of 8%. Virus was precipitated by centrifugation (10,000 g for 15 min) and the pellet RESULTS was resuspended in 0.04 tris, 2 mM EDTA (pH 9.0) containing 1% sodium dodecyl sulphate (SDS). Virus preparations could be Purification. After the first cycle of sucrose-cesium sulfate stored at -60 C as PEG pellets for 1-2 wk before resuspension.
cushion step gradient centrifugation, several light-scattering bands Purified WMV-2, TMV, and CMV (5-10 mg/ ml) were diluted 1:50 were visible in the gradient tubes. Both observation by electron in 0.04 tris, 2 mM EDTA, 1.0% SDS (pH 9.0). All virus suspensions microscopy and quantification by ELISA showed that the visible were heated in a 50 C water bath for 15 min before 100 /A aliquots opalescent virus band was located immediately below a prominant were electrophoresed for 3.5 hr on 0.8, 1.2, and 1.6% agarose gels in green band. This pattern of virus distribution was found with the 0.04 M tris, 0.02 M sodium acetate, 1 mM EDTA, 0.1% SDS (pH 512 and 551 isolates and also with several other isolates including 7.8) at 3 mA/ gel. Gels were stained in ethidium bromide (10 ng/ ml) the VT isolate in Israel. The association between the green band for 4 hr, treated with either DNase-l (10 /ig/ml; Worthington and virus band could be used as a simple marker for locating the Biochemicals, New Jersey) and 5 mM MgC1 2 or RNase type IA (10 virus in similar purifications and gradient centrifugations. The ,g/ ml; Sigma Chemical Co., St. Louis, MO) for 4 hr, restained and ultraviolet absorption profile obtained by scanning a tube in which then destained. Staining, nuclease treatments, and destaining were the peak fractions from six gradient tubes were recentrifuged on a all performed in 0.1-strength SSC buffer (0.15 M NaCl, 0.015 M second sucrose-cesium sulfate cushion gradient are shown in Fig. 1 .
The CTV particles were concentrated in the fraction corresponding Sucrose density gradient fractionation. Virus containing to the peak of absorbance. fractions from the first Cs2SO 4 gradients were pooled and dialized Estimation of CTV-RNA molecular weight. The dissociated overnight at 4 C against 0.05 M tris HC1 (pH 7.8). The CTV sample prepared from the sucrose-cesium sulfate density gradient particles were further purified and size fractionated by layering 2 ml fractions containing CTV was resolved after agarose gel of the virus suspension on a 10-40% linear sucrose gradient in 0.05 electrophoresis as a broadly stained area of fluorescence ( Fig. 2A) . M tris-HCl (pH 7.8) buffer. After 3 hr of centrifugation at 25,000
Background fluorescence in three other preparations was rpm in a Beckman SW27 rotor, the gradient was separated into considerably less than that illustrated. The background 1.5-ml fractions and the virus concentration in each fraction was fluorescence could be reduced without adversely affecting the estimated by ELISA.
CTV-RNA band by DNase treatment of the stained gel (Fig. 2B) . Hybridization of CTV RNA with cloned CTV cDNA. Virus Lesser amounts, or none, of this viral RNA was detected in samples suspensions from each sucrose gradient fraction were diluted 1:5 in prepared from gradient fractions above or below the fraction that contained the most CTV. A DNase treatment of electrophoresed gels improved the resolution of viral RNA of BYV purified by one 2. 7 cycle of sucrose-cesium sulfate density gradient centrifugation 2.0 -
71-(unpublished).
The RNAs of CTV, WMV (MW = 3.2 X 106), TMV (MW = 2.0 El X 106), and CMV (MW = 1.0, 0.7, and 0.3 X 106) were separately resolved by electrophoresis on 1.2% agarose gels (Fig. 2B-D) . Only E c 1. (Fig. 2E-G) . The RNA of BYV (MW = 4.2 X10 6 ) .) < was electrophoresed on 1.6% agarose gels (unpublished). Z, < Molecular weights of the nondenatured CTV-RNA were estimated M by extrapolation to be 5.4 X 106 (1.6% agarose), 6.0 X 106 (1.2% Lr 05agarose), and 6.5 X 106 (0.8% agarose). Location of CTV in sucrose gradient fractions, detection of virus by ELISA, and hybridization with clone CTV cDNA. CTV virions were size fractionated by sucrose density gradient centrifugation and the virus concentration in each fraction was assayed by ELISA (Fig. 3) . The particles were dispersed over a broad band with a 24 4.8 7.2 9.6 1 2.0 distinct peak in fractions 12 and 13. In certain preparations, a FRACTIONS (ml) second smaller peak was observed in fractions 9 and 10. Electron Fig. 1 . The distribution of CTV in fractions of the second cesium sulphate microscopy of virus particles revealed a variation in size ranging sucrose step gradient. The virus-rich fractions from six tubes from the first from 100 to 150 nm in fraction 4 to about 2,000 nm in peak fraction centrifugation were pooled, diluted with phosphate buffer, and centrifuged 13. RNA was extracted from each fraction of the sucrose gradient, for 2.5 hr at 38,500 rpm. Each fraction was diluted 1:500 in PBS-PVP and spotted on nitrocellulose sheets, and hybridized with the cDNA tested by ELISA (6) .
clone. This clone was previously shown to hybridize mainly with Fraction No. Fig. 3 . Hybridization of a 32 P-labeled cDNA probe to RNAs extracted from CTV particles fractionated on a sucrose gradient. CTV was fractionated on a sucrose gradient, and virus in each fraction was quantitated by ELISA (0). RNA was extracted from each fraction and samples (spotted onto nitrocellulose paper) were hybridized with 32 P-labeled clone containing a CTV-cDNA sequence (17). The portions of the nitrocellulose paper containing each spotted fraction were cut out and counts per minute were measured in a liquid scintillation counter (*).
Furthermore, the sucrose-cesium cushion gradient allowed rapid banding of the particles in an easily recognizable gradient fraction.
Closteroviruses have ssRNA genomes of unusually large size for plant viruses. The genome of CTV has not previously been examined by gel electrophoresis. This study has shown that resolution of an RNA molecule of expected size is possible on agarose gels when sufficient amounts of pure virus are available. Attempts to use 2.5% polyacrylamide gels were unsuccessful. An effect of agarose concentration was observed on relative mobility Fig. 2 . Relative electrophoretic mobility of RNA from CTV (band 1), and the highest estimate for the molecular weight of the molecule WMV (band 2), TMV (band 3), and CMV (band 4) on 0.8% (lane E), 1.2% assumed to be CTV-RNA (6.5 X 106) was obtained from the lowest (lanes A-D and F) and 1.6% (lane G) agarose gels. Resolution of CTV RNA prepared from virus concentrated from density gradient fractions was concentration of agarose (0.8%) suggesting that even this must be better in gels treated after electrophoresis with DNase (lanes B and E-G) considered a minimum value. It is similar to a previous estimate than in untreated gels (lane A). Electrophoresis was a 3 mA/gel for 3.5 hr.
(6.3-6.9 X 106) based on particle length (5), and is probably close to Gels were stained with ethidium bromide, the true value. It is in proportion to the molecular weight (13.3 X10 6 ) of the dsRNA RF of CTV determined by electron microscopy (8) . This observation, together with the association of the full-length virus RNA (21). The hybridization results were the 6.5 X 106 ssRNA with the gradient fraction containing CTV quantitated by cutting out the area of each spot and counting the particles, seem sufficient evidence to conclude that the molecule radioactivity bound to the filter. The hybridization pattern of the examined is genomic RNA that is derived from normal-length CTV clone did not coincide with the CTV antigen concentrations as particles. Infectivity has not, however, been demonstrated. This is, measured by the ELISA test and showed a preferential if not the largest, among the largest plant viral RNA genomes hybridization with gradient fractions containing predominantly known. Cloning of CTV cDNA sequences enable us to obtain normal-size CTV particles. efficient probes for detection and analysis of minor quantities of CTV RNA (21). The quantitation of the hybridization tests DISCUSSION between viral RNA from different gradient fractions with a plasmid clone containing a CTV cDNA sequence about 600 base pairs long Following the discovery by Kitajima et al (17) that threadlike showed a preference of hybridization with the lower gradient particles (TLP) approximately 10-12 nm X 2,000 nm were fractions containing the normal-size CTV particles. It is suggested associated with CTV infections, several groups (3, [10] [11] [12] 19, 23, 25) that the smaller-than-normal population of CTV particles attempted to purify these particles. The purification and previously considered to consist of randomly fragmented characterization studies provided substantial information on TLP purification artifacts (3) also contain distinct populations of (3-5,12,23) and established the association of these particles with subviral particles not carrying sequences which are found on the the citrus tristeza disease (9) . The virus particles have been cDNA clone. Packaging of subgenomic viral messengers in distinct generally, purified by several cycles of precipitation with PEG smaller-than-normal viral particles has been previously reported followed by density gradient centrifugation in CsCl (after fixing the for TMV. The mRNA of the 30,000-dalton protein of TMV (7) and virus with formaldehyde) (4) orina nonfixed forminCs 2 SO 4 (9, 12) (in certain strains) also the mRNA of the coat protein (15, 16, 22 ) and in sucrose (11, 25) . Purification procedures used previously were shown to be separately packaged. have all been found to be relatively inefficient. purification of virus-like particles associated with the citrus tristeza
